Introduction {#s1}
============

Food security is becoming a more and more important and urgent issue with increasing demand for enhancement of crop yield. It is estimated that more than 1 billion people are currently undernourished worldwide (Garrity et al., [@B40]; Godfray et al., [@B43]) and the world population is predicted to reach more than 9 billion by 2050 (Fedoroff et al., [@B34]). To meet this population growth crop yield must be doubled by the middle of this century (Beddington, [@B11]). Unfortunately, the arable land area for food production is rapidly decreasing because of urbanization, salinization, desertification, and competition from biofuel production (Döös, [@B29]; Solomon, [@B110]). This means we have to significantly increase crop yield per unit land area to meet the increasing food demand.

Increasing crop yield is becoming more challenging with global warming. It has been predicted that there will be 1.5--5.8°C increase in average annual temperatures by 2100 (Zinn et al., [@B140]) and approximately 2.5--16% yield loss for every 1°C increase in temperature above optima (Battisti and Naylor, [@B10]). Furthermore, in field conditions, drought often occurs simultaneously with heat and the combination of drought and heat can lead to a synergistic detrimental effect on crop productivity (Rampino et al., [@B93]).

The development of reproductive organs (mainly fruits and seeds and their precursors, ovaries and ovules) plays a dominant role in global crop production. In the top fifteen major crops worldwide, there are 10 crops that are consumed as fruit and seed crops (Ross-Ibarra et al., [@B97]). Generally, about 75% of the total worldwide crop yield comes from fruit and seed crops (Ruan et al., [@B98]). Fruit and seed yield is mainly determined by fruit and seed number and their size. Fruit and seed abortion is a major limiting factor for achieving crop yield potential (Boyer and McLaughlin, [@B16]; Patrick and Stoddard, [@B88]; Ruan et al., [@B100]). In the plant life cycle, the early stage of fruit and seed development at the set phase is one of the most sensitive periods to abiotic stresses such as heat, drought, and cold (Barnabás et al., [@B9]; Hedhly et al., [@B48]; Thakur et al., [@B115]). Abiotic stresses during the early reproductive stage often cause abnormal development of reproductive organs that results in failure of fertilization or abortion of fruits and seeds (Thakur et al., [@B115]), thereby dramatically decreasing crop yield (Setter et al., [@B105]; Kakumanu et al., [@B54]). For example, drought at the flowering stage caused severe kernel abortion in maize (McLaughlin and Boyer, [@B76]). In tomato, flower abortion rate can reach up to 80% under heat stress (Ruan et al., [@B98]). Similarly, seed set of *Brassica napus* was reduced by 88% by heat stress (Young et al., [@B138]). Thus, increasing fruit and seed set under various abiotic stresses is a viable option for sustaining crop yield in the face of climate change. Despite the importance and sensitivity of the fruit and seed set processes, most research effort in fruit and seed biology to date has been dedicated to the late stage of growth and maturation of fruit and seed (Wang et al., [@B126]), and little is known about the physiological and molecular mechanisms regulating fruit and seed set under abiotic stresses (Ruan et al., [@B100]).

Sugar metabolism in fruit and seed development
==============================================

Fruit and seed development depends on import of sugars in the form of sucrose transported through phloem from source leaves in most species (Egli, [@B32]; Foulkes et al., [@B37]) since fruit photosynthesis is negligible in terms of its contribution of assimilates to fruit development (Blanke and Lenz, [@B14]). This conclusion is supported by a recent molecular study where the specific suppression of glutamate 1-semialdehyde aminotransferase (GSA) in fruits, a key enzyme in chlorophyll biosynthesis, had no effect on fruit growth and ripening (Lytovchenko et al., [@B71]). However, fruit photosynthesis plays vital roles in early seed development since seed set was seriously compromised in the transgenic plants, indicating early seed development is more sensitive to reduction of carbon supply than fruit. Before participating in various physiological and metabolic processes, phloem-unloaded sucrose must be degraded into hexoses (glucose and fructose) or their derivates by sucrose synthase (Sus, EC 2.4.1.13) or invertase (INV, EC 3.2.1.26) (Sturm, [@B111]). Sus is a glycosyl transferase, which reversibly converts sucrose in the presence of UDP into UDP-glucose and fructose, whereas INV irreversibly hydrolyses sucrose into glucose and fructose. Based on their subcellular location, INVs can be classified into three subgroups: cell wall invertase (CWIN), vacuolar invertase (VIN), and cytoplasmic invertase (CIN) (Sturm, [@B111]).

Sugar metabolism provides not only energy to power numerous cellular processes, but also substrates for biosynthesis of biopolymers such as starch, cellulose, callose, and protein. At the same time, sucrose metabolism in sink organs can help to establish sink strength by lowering sucrose concentration in recipient sink cells thereby facilitating sucrose import from source to sink (Ho, [@B49]). Furthermore, hexose produced by INV and Sus-mediated sucrose degradation can act as a signaling molecule to regulate plant development (Ruan, [@B99]). It has been suggested that INV and Sus may play particularly important roles in bulky organs such as fruits and seeds in many crop species as compared to that in their wild progenitors (Xu et al., [@B136]). For example, the loss of a functional CWIN in maize kernels resulted in a miniature seed phenotype (Miller and Chourey, [@B78]). Similarly, specific overexpression of CWIN in rice by its native promoter increased grain yield (Wang et al., [@B125]). In contrast, silencing CWIN expression in tomato resulted in increased fruit abortion, and reduced fruit size and seed number per plant (Zanor et al., [@B139]).

Central roles of sugar metabolism in fruit and seed set under heat and drought
==============================================================================

Compared to vegetative organs, young reproductive organs are less competitive for nutrient acquisition, which may result from their distal location from source leaves, lower transport conductivities through plasmodesmata and differentiating phloem and their low INV activities (Ruan et al., [@B100]). Thus, even under optimal conditions, sugar availability could become one limiting factor for fruit and seed set (Ghiglione et al., [@B41]).

Under heat and drought, sugar limitation is a well-known factor leading to fruit and seed abortion (Boyer and McLaughlin, [@B16]; Barnabás et al., [@B9]). For example, as a result of heat stress, the growth rate of pollen tubes through the style of cotton is limited by an inadequate supply of sucrose and hexose in the pistil (Snider et al., [@B109]). In maize, drought resulted in severe ovary abortion, while feeding sucrose to the stems of water-stressed plants partially prevented the abortion and restored kernel number (Zinselmeier et al., [@B141]; McLaughlin and Boyer, [@B76]) demonstrating that low availability of sucrose or hexose is a casual factor of ovary abortion. Further analyses revealed that ovary abortion was linked more closely to the availability of glucose than sucrose in the ovary (McLaughlin and Boyer, [@B76]), since sucrose concentrations were completely restored after sucrose feeding but glucose concentrations were only partially restored (Zinselmeier et al., [@B141]). Therefore, inefficient conversion of sucrose to glucose and fructose is a key limiting step for ovary development under drought. In fact, McLaughlin and Boyer ([@B77]) showed that sucrose feeding only partially restored the activity of invertase which was decreased under drought. Consistently, silencing of CWIN gene (*Lin5*) in tomato increased fruit abortion under drought (Zanor et al., [@B139]). On the other hand, elevation in CWIN activity through silencing expression of the CWIN inhibitor in tomato delayed leaf senescence and enhanced fruit and seed development (Jin et al., [@B53]). It will be important to determine if these CWIN-elevated transgenic plants exhibit increased tolerance to abiotic stress.

Possible mechanisms underlying regulation of fruit and seed set by sugars as nutrients under heat and drought
=============================================================================================================

Sucrose metabolism not only provides energy and carbon skeletons for sink development, but also regulates their response to abiotic stresses by providing hexoses as essential metabolites and signaling molecules (Ruan et al., [@B100]).

Regulation of carbon partitioning
---------------------------------

Mild heat stress before silking enhanced the total biomass of maize plants, but with reduced grain yield (Suwa et al., [@B114]) which indicates that carbon partitioning favors vegetative organs over reproductive tissues when under stress. The difference in response to abiotic stresses between reproductive and vegetative organs may be related to different responses of sucrose degrading enzymes to stress conditions. For example, drought induced the expression of VIN (*Ivr2*) in vegetative tissues of maize, but reduced the expression of *Ivr2* in reproductive organs (Kim et al., [@B56]). Similar result was also observed in soybean in which drought decreased the activity of soluble invertase in pods, but not that in leaves (Liu et al., [@B69]). By using RNA-Seq analysis, Kakumanu et al. ([@B54]) found that there are more genes related to carbohydrate metabolism responsive to drought in the maize ovary than in young leaves. Among them, one gene encoding sucrose synthase showed decreased expression in the ovary, but not in leaf meristems, under drought. This may decrease the sink strength of these reproductive organs leading to sucrose partitioning in favor of vegetative tissues (Sturm and Tang, [@B112]; Andersen et al., [@B2]). Consistent with this postulation, a heat tolerant tomato genotype exhibited higher CWIN and VIN activities in the flower and young fruit and consequently a higher rate of sucrose import into young fruit than a heat sensitive genotype, which collectively contributed to higher fruit set under heat stress (Li et al., [@B64]). Thus, a high ability of sucrose partitioning to, and its degradation within, reproductive organs could be vital for fruit and seed set under heat and drought.

Sucrose metabolism contributes to antioxidant protection
--------------------------------------------------------

Heat and drought often lead to excess accumulation of reactive oxygen species (ROS), including singlet oxygen, superoxide (O~2~^−^), hydrogen peroxide (H~2~O~2~), and the hydroxyl radical (OH^−^), which may result in oxidative damage of DNA, proteins, and lipids (Oktyabrsky and Smirnova, [@B86]), and finally programmed cell death (PCD) and fruit and seed abortion (Laloi et al., [@B59]; Vacca et al., [@B118]; Foyer and Noctor, [@B38]). It has been proposed that sugar limitation caused by various stresses might be an important basis for ROS accumulation (Couée et al., [@B22]; Bolouri-Moghaddam et al., [@B15]). Glucose metabolism may play positive roles in preventing PCD by scavenging ROS. As the primary carbon and energy source in plants, glucose can feed the oxidative pentose phosphate pathway and produce reducing power for biosynthesis of non-enzymic antioxidants such as glutathione (GSH), ascorbic acid (Asc), phenolic compounds, and flavonoids (Bolouri-Moghaddam et al., [@B15]), which can efficiently scavenge ROS. Glucose-6-phosphate dehydrogenase (G6PDH) is the rate-limiting enzyme in the oxidative pentose phosphate pathway. A study on soybean showed that G6PDH plays a central role in maintaining the ROS homeostasis under drought stress through increasing the activities of glutathione reductase (GR), dehydroascorbate reductase (DHAR), and monodehydroascorbate reductase (MDHAR) and the content of GSH and Asc (Liu et al., [@B67]). In addition, oxidative stresses caused by high light and herbicide, paraquat, can activate antioxidant response in Arabidopsis plants (Sunkar et al., [@B113]). However, exogenous addition of sucrose to Arabidopsis reduced the expression of SOD genes (*CSD1* and *CSD2*) under high light and paraquat, implying sucrose might prevent oxidant stress to some extent (Dugas and Bartel, [@B30]). Furthermore, some soluble sugars, such as fructan, might act as ROS scavengers themselves when they exist at high concentration (Van den Ende and Valluru, [@B120]). Further evidence on sucrose metabolism alleviating oxidative stress comes from transgenic potato plants overexpressing yeast INV that displayed lower malondialdehyde (MDA) content under cold stress (Sinkevich et al., [@B107]). This indicates INV may improve cold tolerance through enhancing the antioxidant capability of potato plants (Sinkevich et al., [@B107]). Another example is that oxidative stress such as that caused by application of H~2~O~2~ often increases the expression of ascorbate peroxidases (APXs), enzymes playing important roles in maintaining the plant\'s antioxidant system. Overexpressing CIN in Arabidopsis protoplasts, however, alleviates the elevation of APX expression upon H~2~O~2~ application, which implies that CIN may ameliorate oxidative stress directly (Xiang et al., [@B133]). Although the majority of these studies were conducted in vegetative tissues, it can be envisaged that sugar metabolism may play positive roles in fruit and seed set through maintaining ROS homeostasis under heat and drought.

Sucrose metabolism and heat shock proteins (Hsps)
-------------------------------------------------

Sugar metabolism may also ameliorate effects of abiotic stresses by fueling biosynthesis of heat shock proteins (Hsps). Under heat and drought, Hsps are often induced to prevent or attenuate stress-induced PCD though preserving membrane integrity and protein function. Severe heat stress could lead to the hyperfluidization and disruption of membranes (Horváth et al., [@B50]; Sangwan et al., [@B102]), inactivation of proteins by unfolding, misfolding, and aggregation (Sharma et al., [@B106]) and the accumulation of ROS (Dat et al., [@B23]; Volkov et al., [@B123]). These detrimental effects collectively damage photosynthesis and retard plant growth and development and may even cause death of sensitive tissues (Mittler and Blumwald, [@B81]). During evolution, plants have developed a system of heat-inducible cellular and molecular defences, i.e., the heat stress response (HSR). During HSR, hundreds of specific genes become up-regulated (Mittler et al., [@B82]). Among them, accumulation of Hsps is a major feature of HSR. Many of the Hsps are chaperones, including Hsp100s, Hsp90s, Hsp70s, Hsp60s, and small Hsps (sHsps) (Finka et al., [@B35]). Chaperones can prevent protein aggregation or restore misfolded and aggregated proteins to correctly-folded polypeptides. These polypetides can recover their active conformation for normal function after stress exposure (Sharma et al., [@B106]). Thus, Hsps play an important role in plant heat tolerance. Indeed, constitutive overexpression of Hsp17.7 in carrot (Malik et al., [@B73]) or Hsp101 in Arabidopsis (Queitsch et al., [@B92]) increased their heat tolerance.

Studies in animal systems showed that Hsp chaperones (e.g., Hsp70 and sHsps) can block PCD (Beere, [@B12]; Weiss et al., [@B130]). In Arabidopsis, *CNGC2* encodes a component of cyclic nucleotide gated Ca^2+^ channels which are a kind of thermosensor in land plants. *CNGC2* mutants accumulated Hsps at lower heat-priming temperatures and consequently have higher heat tolerance and less PCD than wild-type plants (Finka et al., [@B36]). Surprisingly, *CNGC2* mutants showed growth retardation under control temperature, but without other detectable cellular, morphological, or developmental defects. It has been suggested that this may result from insufficient supply of photoassimilates since maintaining of HSR comes at a high energetic and metabolic cost (Finka et al., [@B36]; Mittler et al., [@B82]). Support for this hypothesis comes from a recent finding that heat-stress induced expression of two HSP genes, *LeHSP17.4-CII* and *LeHSP17.6-CII*, correlates with enhanced transcript levels and activities of VIN in 5-d tomato fruit (Li et al., [@B64]). However, evidence is still lacking as to whether, and to what extent, induction of Hsps is dependent on glucose metabolism and signaling that is coupled with INV activity.

Possible mechanisms underlying regulation of fruit and seed set by sugars as signals under heat and drought
===========================================================================================================

Sucrose metabolism also plays signaling roles in many developmental processes (Ruan, [@B99]), where sucrose and its degrading products, glucose and fructose, can act as signaling molecules to regulate gene expression (Moore et al., [@B83]; Wind et al., [@B132]; Cho and Yoo, [@B18]). However, it is difficult to distinguish the specific signaling role of sucrose from hexoses since sucrose can be quickly degraded into glucose and fructose. Thus, although the role of sucrose as a signaling molecule in plants was proposed several decades ago, it has been experimentally established and accepted only recently based on emerging evidence (Tognetti et al., [@B116]). For example, application of exogenous sucrose to the aerial part of Arabidopsis plants facilitate the initiation of lateral roots, but equal molar concentrations of glucose or fructose promote lateral root formation to a much lesser extent (Macgregor et al., [@B72]). Most recent studies on strawberry (*Fragaria* × *ananassa*) show that sucrose is the key signaling molecule in fruit ripening (Jia et al., [@B52]). Exogenous sucrose increased ABA content in fruit and accelerated fruit ripening which can be mimicked by turanose, a sucrose non-metabolizable analog, implying the possible signaling role of sucrose in fruit ripening. Their further studies revealed that silencing of the sucrose transporter (*FaSUT1*) by RNAi technique decreased sucrose level and blocked fruit ripening, whereas overexpression of *FaSUT1* increased sucrose level and accelerated fruit ripening (Jia et al., [@B52]). However, no sucrose-specific sensor has been identified thus far (Wind et al., [@B132]), and little is known about the nature of sucrose signaling and the regulatory pathways modulated by sucrose.

Recently, it has been suggested that hexoses derived from sucrose cleavage by Sus and INV play important roles in plant development through signaling pathways (Koch, [@B57]; Ruan, [@B99]). However, up to now, research on sugar signaling has mainly focused on glucose (Smeekens et al., [@B108]; Cho and Yoo, [@B18]). Although fructose is also an abundant hexose produced from both INV- and Sus-catalysed sucrose degradation, little is known about its potential signaling role. Only recently, a systematic study was done in Arabidopsis which revealed that fructose signaling plays an important role in seedling development and fructose-1, 6-biphosphatase was identified as the fructose sensor in the signaling pathway (Cho and Yoo, [@B18]).

In addition to the above mentioned sugar signaling (i.e., sucrose, glucose, and fructose), the importance of some sugar-derived signaling systems in plant development is becoming increasingly prominent. These systems include the trehalose 6-phosphate (T6P) signal, and the target of rapamycin (TOR) kinase system, the SNF1-related protein kinase (SnRK) and bZIP transcription factor network. Here, we will first focus on the recent progress about the regulatory role of sugar (mainly glucose) signaling in fruit and seed development under abiotic stresses followed by discussion of the possible roles of T6P, TOR, SnRK1, and bZIP in plant development under abiotic stress.

Crosstalk between sugar- and hormone-signaling pathways: a general phenomenon
-----------------------------------------------------------------------------

There is compelling evidence on crosstalk between sugar- and hormone-signaling pathways (LeClere et al., [@B61]; Ruan, [@B99]). For example, increased petal and sepal number in tomato in response to inhibition of CWIN gene (*Lin5*) expression is linked to decreased ABA, JA and GA levels (Zanor et al., [@B139]). Most studies focus on the positive interaction between sugars and auxins, an important hormone in plant development. The Arabidopsis hexokinase (HXK) mutant *gin2* (*glucose insensitive 2*) is less sensitive to exogenous auxin indicating that the glucose-signaling pathway interacts with, or may act downstream of, the auxin signaling pathways through the HXK-dependent pathway (Moore et al., [@B83]). On the other hand, a recent study on Arabidopsis provides direct evidence that auxin biosynthesis is tightly dependent on endogenous glucose level (Sairanen et al., [@B101]). Consistently, exogenous glucose up-regulated the expressions of auxin biosynthetic genes (*YUCCA*) and IAA transporter genes (*PINs*) in roots of young Arabidopsis seedlings, and an auxin receptor mutant (*tir1*) and response mutants (*axr2, axr3* and *slr1*) showed a defect in glucose-induced root elongation and lateral root production (Mishra et al., [@B79]). Decrease of hexose level in basal regions of maize kernels by deficiency of CWIN activity results in reduced IAA levels in miniature kernels that are related to suppressed expression of the IAA biosynthesis gene (*ZmYUC*) through a HXK-dependent pathway (LeClere et al., [@B61]). There is also a positive relationship between sugar and cytokinin signaling. For example, delayed leaf senescence by cytokinin depends on expression of CWIN in tobacco leaves (Lara et al., [@B60]), which implies a positive relationship between sugar and cytokinin signaling.

A negative interaction exists between glucose and ethylene through ETHYLENE-INSENSITIVE3 (EIN3), a key transcriptional regulator in ethylene signaling (Chao et al., [@B17]). Glucose can suppress the activity of EINs by enhancing their degradation through ubiquitination. Importantly, the non-signaling glucose analog, 3-*O*-methyl-glucose (3-OMG) which can not be phosphorylated by HXK in plants, did not suppress the activity of EIN3. This finding indicates that glucose acted as a signal molecule to induce the degradation of EIN3 in a HXK dependent manner (Yanagisawa et al., [@B137]). Indirect evidence also showed a negative interaction between sugars (hexoses) and ABA. For example, increased CWIN activity by silencing expression of CWIN inhibitor (*LeINVINH1*) delayed ABA-induced leaf senescence in tomato, which suggests ABA-mediated senescence is dependent on decreased CWIN activity, hence possibly a lower glucose or fructose level in the apoplasm (Jin et al., [@B53]). Interestingly, a study on rice anthers showed that ABA accumulation, prior to decreased CWIN and monosaccharide transporter expression, is the initial event responsible for pollen sterility under cold treatment (Oliver et al., [@B87]). Similarly, an increase in ABA level in maize ovaries occurred immediately after drought was imposed which is followed by a decrease in expression of soluble invertase (*Ivr2*) (Andersen et al., [@B2]). However, Pinheiro et al. ([@B91]) found that a change in carbohydrate metabolism rather than in ABA level is the initial response of *Lupinus albus* to slowly imposed drought. This contradictory conclusion may be resulted from variability in type and strength of stress imposed.

Reciprocally, hormones can also affect sugar metabolism. For example, exogenous supplement of NAA to tobacco cells stimulated the activity of CWIN (Weil and Rausch, [@B129]). The induction of CWIN by cytokinins was observed in suspension cell cultures of *Chenopodium rubrum* (Ehness and Roitsch, [@B33]), and the result is further supported by the induction of CWIN activity by an endogenous increase of cytokinin in tobacco (Lara et al., [@B60]). Exogenous ABA decreased the CWIN activity in tomato leaves mainly through increasing the expression of CWIN inhibitor (*INVINH1*) (Jin et al., [@B53]). Overall, there appears to be synergistic relationships between CWIN activity and growth-related hormones (auxin, cytokinin), but antagonistic relationships between CWIN and senescence hormones (ABA and ethylene).

Sugar signaling and cell division in fruits and seeds under heat and drought stress
-----------------------------------------------------------------------------------

Early evidence about sugar signaling in reproductive organs comes from the observation that hexoses stimulate cell division, while sucrose promotes cell endoreduplication and starch accumulation in *Vicia faba* cotyledons (Weber et al., [@B127]). These authors further proposed that CWIN in the seed coat of *Vicia faba* can affect the developmental processes of seeds through regulating sugar signaling in the embryo. In maize, mutation of a CWIN gene (*INCW2*) resulted in a miniature seed phenotype by blocking endosperm cell division (Vilhar et al., [@B122]). Further, Baldet et al. ([@B8]) suggested that the possible mechanism for carbohydrate control of tomato fruit size is through the regulation of cell proliferation. The effect of sugar signaling on cell division in seed and fruit may be realized through their regulation of cyclins (e.g., cyclin D---Dewitte and Murray, [@B27]; Weber et al., [@B128]). It has been suggested that decreased glucose level under stress conditions could repress cell division and consequently lead to fruit and seed abortion (Ruan et al., [@B100]). A recent study showed that drought inhibited the expression of two main invertase genes, *Incw1* and *Incw2*, in the maize ovary and decreased the hexose level (Kakumanu et al., [@B54]). It has been suggested that this reduced hexose level arrested cell division through decreasing the expression of cyclins and increasing the expression of the cyclin-dependent kinase inhibitor (CDKI). Consistently, in the more resistant leaf meristem, drought increased invertase expression, which maintained the hexose level and cell division activity.

Sugar signaling regulation of cell division might be realized through crosstalk with hormone signaling. It has been proposed that normal fruit and seed development relies on induction of auxin, GA and cytokinin responses and attenuation of ethylene and ABA responses (Dorcey et al., [@B28]; Ji et al., [@B51]; Ruan et al., [@B100]). Auxin, GA and cytokinin can facilitate fruit and seed set and development by enhancing cell division and cell expansion (Gillaspy et al., [@B42]), whereas ethylene and ABA are senescence and stress hormones which can hamper fruit and seed development (Davies, [@B24]). It can be postulated that, therefore, under optimal conditions, glucose signals can promote cell division, and consequently fruit and seed set through enhancing growth-related hormone signaling (auxin, GA and cytokinin, Figure [1A](#F1){ref-type="fig"}). Under stress conditions, however, decreased glucose levels resulting from reduced sucrose import into, and INV activity within, ovaries and seeds may lead to activation of senescence hormone signaling (ethylene and ABA) and arrest cell division, and finally fruit and seed abortion (Figure [1B](#F1){ref-type="fig"}).

![**A schematic network illustrating the mechanisms by which sugar metabolism and signaling regulate fruit and seed set under abiotic stresses. (A)** Under optimal conditions with high sucrose availability, INV and Sus activities generate sufficient amount of hexoses (glucose) to activate cell division; to facilitate the production of non-enzymatic antioxidants and to inhibit PCD. On the other hand, T6P promotes biosynthetic process and represses the activity of a growth inhibitor, SnRKs. These features interact with hormonal signaling pathways to allow seed and fruit set and subsequent growth to proceed. **(B)** The reverse applies under stress conditions where sugars are limited, and fruits and seeds abort. Arrow and T-type line represent the positive and negative effect, respectively. See text for more details. HSP, heat shock protein; HXK, hexokinase; INV, invertase; PCD, programmed cell death; Sus, sucrose synthase; T6P, trehalose-6-phosphate; TOR, target of rapamycin; SnRK, sucrose non-fermenting-1 (SNF1)-related protein kinases; bZIP, basic leucine-zipper proteins.](fpls-04-00282-g0001){#F1}

Crosstalk between sugar- and ROS-signaling pathways
---------------------------------------------------

As detailed above, excess ROS will damage DNA, proteins and lipids. However, ROS also play a signaling role at lower concentrations, which is essential for many developmental or metabolic processes such as PCD, cell wall biosynthesis, and stress responses (Kovtun et al., [@B58]; Mittler, [@B80]; Andriunas et al., [@B3]). An important mechanism of ROS signaling is to regulate the interaction between proteins through altering the redox state of amino acids such as cysteine (Cys). ROS can also play their signaling role through calcium signaling and affecting transcription factors (Munné-Bosch et al., [@B84]). Among all the ROS species, H~2~O~2~ is the most common signaling molecule since it is relatively stable and water-soluble (Bienert et al., [@B13]; Van Breusegem et al., [@B119]). Under stress conditions, maintaining ROS at an optimal level can facilitate their beneficial signaling function without causing oxidative damage (Liu et al., [@B67]). As discussed earlier, sugar metabolism plays important roles in maintaining ROS homeostasis. It has also been proposed that there is an interaction between sugar- and ROS-signaling pathways (Bolouri-Moghaddam et al., [@B15]). Thus, it can be inferred that sugar metabolism may play its signaling role indirectly through interacting with ROS signaling, particularly under stress conditions.

Roles of other sugar-derived signaling systems in the abiotic stress response
=============================================================================

Trehalose and trehalose-6-phosphate
-----------------------------------

Trehalose is a non-reducing disaccharide sugar, which is synthesized by trehalose-6-phosphate synthase (TPS) and trehalose-6-phosphate phosphatase (TPP). TPS catalyzes the formation of trehalose-6-phosphate (T6P) from glucose-6-phosphate and UDP-glucose, while TPP is responsible for the dephosphorylation of T6P to produce trehalose (Eastmond et al., [@B31]). Trehalose is ubiquitous in the biosphere, but only in trace amounts in most plants. Although plenty of evidence indicates that trehalose may play important regulatory roles in plant development and resistance to diverse abiotic stresses (Li et al., [@B63]), emerging evidence has proposed that T6P, rather than trehalose, is the main active component in trehalose metabolism (Eastmond et al., [@B31]; Schluepmann et al., [@B103]; O\'Hara et al., [@B85]). Most previous studies on trehalose metabolism only focus on trehalose, but neglect T6P (Almeida et al., [@B1]; Cortina and Culiáñez-Macià, [@B21]; Li et al., [@B63]). As indicated above, T6P is the precursor of trehalose in the biosynthetic pathway, which has lower content than trehalose in plants and thus is hardly detectable. For example, the concentrations of trehalose and T6P in Arabidopsis seedlings are 26.4 and 0.148 nmol g^−1^ FW, respectively (Van Houtte et al., [@B121]). This may be the most likely reason why many previous studies did not address T6P.

Trace amount of T6P in most plants implies that T6P may function as a sugar signal. Most recent studies showed decreased T6P level in Arabidopsis by knocking down the expression of *AtTPS1* led to down-regulated expression of flower-triggering genes (e.g., *FT* and *TSF*) and thus a delay in flowering (Wahl et al., [@B124]). However, sugar availability (sucrose level) increased in the transgenic plants, indicating T6P acts as a signal to regulate the flower initiation of Arabidopsis (Wahl et al., [@B124]). Arabidopsis TPS (*AtTPS1*) protein interacted with the cell cycle kinase CDKA;1, suggesting the involvement of trehalose metabolism in cell cycle regulation. T6P may also participate in hormone signaling pathways. For example, increased T6P level down-regulated the expression of *auxin/indole-3-acetic acid* (*Aux/IAA*) and *TIR1* in Arabidopsis, two important genes in auxin sensing and signaling (Paul et al., [@B89]).

A large body of data showed that trehalose metabolism plays important roles in plant resistance to diverse abiotic stresses (Li et al., [@B63]). For example, the overexpression of the Arabidopsis TPS gene (*AtTPS1*) gene in tobacco increased tolerance to osmotic stress, drought, desiccation, and temperature stresses (Almeida et al., [@B1]). The introduction of yeast TPS1 gene into tomato enhanced plant tolerance to drought, salt and oxidative stress (Cortina and Culiáñez-Macià, [@B21]). Recently, native overexpressing of the rice TPS gene (*OsTPS1*) increased the tolerance of rice seedlings to salinity, drought and cold, possibly through up-regulating the expression of some abiotic stress-related genes including *WSI18*, *RAB16C, HSP70*, and *ELIP* (Li et al., [@B64]). T6P has been proposed to acts as signal molecules to sense carbon availability (O\'Hara et al., [@B85]), a possible mechanism for T6P to regulate plants growth and development in response to abiotic stress. T6P level in plants is positively related to sucrose levels (Schluepmann et al., [@B104]; Lunn et al., [@B70]; Martínez-Barajas et al., [@B74]). Thus, limited sugar availability under various abiotic stresses may reduce the content of T6P. Although no evidence showed there is a direct connection between T6P and the hexokinase-dependent sugar signaling pathway, Schluepmann et al. ([@B104]) suggested there may be a link between T6P and sucrose non-fermenting related kinase-1 (SnRK1), which is known as a inhibitory factor of plant growth (Smeekens et al., [@B108]). T6P has an inhibitory effect on the activity of SnRK1 (Zhang et al., [@B140a]; Paul et al., [@B89]). Thus, reduced T6P level under abiotic stresses may lead to an increase in SnRK1 activity and consequently inhibit the biosynthetic processes and plant growth.

Target of rapamycin
-------------------

TOR is one member of the family of phosphatidylinositol kinase-related kinases, which is structurally and functionally conserved among organisms and found in nearly all eukaryotes. The TOR signaling has been well studied in fungi and animals (Smeekens et al., [@B108]) and plays important roles in cell growth and metabolism by integrating the response of cells to growth factors, nutrients, energy, and stress signals (Ahn et al., [@B4]). Although there is a scarcity of data on TOR in plants, recently it has been proposed to play an important role in plant development through coordinating development with nutrient availability including sugar (Robaglia et al., [@B95]). For example, AtTOR protein is indispensable for the normal plant and seed development in Arabidopsis (Deprost et al., [@B26]). Sugar abundance and starvation activate and inhibit the TOR kinase, respectively, followed by up- and down-regulation of energy-consuming related cellular processes, such as mRNA translation and cell proliferation, respectively (Robaglia et al., [@B95]). Rapamycin can effectively inhibit Arabidopsis TOR kinase activation by glucose and thus retards glucose-mediated root and leaf growth, indicating the central roles of glucose-TOR signaling in plant development (Xiong and Sheen, [@B135]). These authors further revealed that glucose-TOR signaling is another glucose signaling pathway in parallel with glucose-HXK and plays important roles in reactivation of the cell cycle in quiescent root meristems of Arabidopsis. This glucose-TOR signaling pathway is decoupled from hormone signaling and it was identified that E2Fa transcription factor is the downstream target of the glucose-TOR signaling pathway, which is responsible for the activation of cell cycle (S-phase) genes after its phosphorylation mediated by TOR kinase (Xiong et al., [@B134]). Sucrose can also activate this signaling pathway, while fructose can not (Xiong et al., [@B134]).

SnRKs signaling
---------------

Sucrose non-fermenting-1(SNF1)-related protein kinases (SnRKs) is a homolog of the fungal SNF1, which is a global regulator of carbon metabolism in fungi (Coello et al., [@B20]). Plant SnRKs can be divided into three subgroups: SnRK1s, SnRK2s, and SnRK3s among which SnRK2s and SnRK3s emerged as a result of duplication during plant evolution. It is suggested that SnRK2s and SnRK3s allow plants to link metabolic and stress signaling (Halford and Hey, [@B46]), which does not occur in mammals and fungi (Coello et al., [@B20]). This feature gives SnRKs a potential role in regulation of plant responses to stresses. To deal with the sugar limitation (starvation) during stress conditions, plants take measures to limit anabolism and enhance catabolism to save energy and nutrients, in which SnRK act as central regulators (Guérinier et al., [@B45]). Limited sugar availability activates the activity of SnRKs (Cho et al., [@B19]), which act as inhibitors of gene expression involved in biosynthetic pathways (Baena-González et al., [@B6]; Baena-González and Sheen, [@B7]). At the same time, SnRK1 triggers starch degradation and mobilization under starvation conditions such as darkness (Avila et al., [@B5]).

In terms of responses to abiotic stresses, loss-of-function of *SOS2*, a SnRK3 gene in Arabidopsis, made plants more sensitive to salt stress, indicating SnRK3 is indispensable for salt tolerance in Arabidopsis (Liu et al., [@B66]). The knockout or overexpression of SRK2C, an osmotic-stress-activated SnRK2 protein kinase, led to drought-sensitive or tolerant phenotypes, respectively, in Arabidopsis via controlling the expression of stress-related genes (Umezawa et al., [@B117]). Previous studies showed SnRKs are involved in the ABA signaling pathway, which has been proposed to have a key role in plant tolerance to various abiotic stresses (e.g., salt stress, drought and heat stress) (Coello et al., [@B20]). For example, the overexpression of *PKABA1*, a SnRK2 gene from barley, mimicked the suppression of ABA to GA-inducible genes in the aleurone layer, indicating a possible role of *PKABA1* in mediating the antagonism between ABA and GA (Gómez-Cadenas et al., [@B44]). Arabidopsis triple mutant disruptive in three SnRK2s (i.e., SnRK2.2, 2.3, and 2.6) was completely insensitive to ABA treatment (Fujii and Zhu, [@B39]). SnRK1 has roles in regulation of cell cycle progression in plants. For instance, SnRK1 expression is high in leaf primordia of tomato, but low in meristems (Pien et al., [@B90]). Most recent studies showed that SnRK1 is involved in the regulation of cell cycle progression in Arabidopsis by controlling the phosphorylation of CDKI p27KIP1 homologs, AtKRP6 and AtKRP7 (Guérinier et al., [@B45]). The kinase activity of SnRK1 can be inhibited via the phosphorylation by protein kinase AvrPto-dependent Pto-interacting protein3 (Adi3), a suppressor of cell death, indicating SnRK participation in regulation of cell death (Avila et al., [@B5]).

bZIPs
-----

The basic leucine-zipper (bZIP) proteins are a large family of multifunctional transcription factors which are characterized by a basic DNA binding region and a leucine-zipper coiled-coil motif in eukaryotes (Reinke et al., [@B94]). Emerging evidence showed that bZIPs play roles in sugar signaling. It has been proposed that Arabidopsis S1 class bZIPs are transducers of sucrose-specific signals (Weltmeier et al., [@B131]). At the same time, bZIP11 is also a potential target of SnRK1 (O\'Hara et al., [@B85]).

bZIPs can perceive the variation in sugar status of plants and regulate the profile of gene expression, and thus plant response to internal and external signals (Kang et al., [@B55]). High sugar availability usually down-regulates the activity of bZIP. For example, sucrose inhibited the translation of *AtbZIP11* mRNA in Arabidopsis (Rook et al., [@B96]). Glucose repressed the transcription of *AtbZIP1* in Arabidopsis via a HK-dependent pathway (Kang et al., [@B55]). However, glucose repressed the transcription of *AtbZIP63* in Arabidopsis in an HK-independent way (Matiolli et al., [@B75]). Furthermore, the full repression of *AtbZIP63* expression by glucose at a high concentration (6%) required the participation of ABA, indicating the involvement of *AtbZIP63* in the glucose-ABA interaction network (Matiolli et al., [@B75]). Thus, it appears that the mechanism of the bZIP inhibition by sugar is complex and varies with changes in sugar species and levels.

Similar to SnRKs, bZIPs also act as growth inhibitory regulators (Smeekens et al., [@B108]). For example, the overexpression of *AtbZIP1* and *AtbZIP11* halted the seedling growth of Arabidopsis (Hanson et al., [@B47]; Kang et al., [@B55]). The growth inhibition from overexpression of bZIP11 can be relieved by T6P accumulation from trehalose feeding (Schluepmann et al., [@B104]; Delatte et al., [@B25]). bZIPs are known to be involved in nutrient (e.g., sugar) and/or stress signaling (Kang et al., [@B55]; Smeekens et al., [@B108]; O\'Hara et al., [@B85]) to gain a homeostasis between plant growth and nutrient availability, especially under stress conditions. Plenty of evidence has shown that bZIPs play an important role in the response of plants to various stresses. For example, Arabidopsis seedlings overexpressing a pepper bZIP (*CAbZIP1*) showed enhanced resistance to drought and salt stresses, but the phenotype was dwarfed under optimal condition (Lee et al., [@B62]), indicating the enhanced stress tolerance may be produced at the cost of normal development. Arabidopsis seedlings expressing soybean bZIP proteins (GmbZIP44, GmbZIP62, or GmbZIP78) exhibited higher tolerance to salt and cold stress, possibly through negative interaction with ABA signaling (Liao et al., [@B65]). However, rice seedlings overexpressing *OsbZIP52* showed significantly increased sensitivity to cold and drought stress (Liu et al., [@B68]).

As detailed above, sugar-derived signaling systems (T6P, TOR, SnRK, and bZIP) play important roles in plant responses to abiotic stresses through maintaining the homoeostasis between sugar availability and plant metabolism (Smeekens et al., [@B108]; Robaglia et al., [@B95]). Although most of these studies focused on the vegetative stage, the understanding and manipulation of these signaling systems provide new potential options for improvement of seed and fruit set under abiotic stresses including heat and drought.

A possible regulatory network underlying sugar-mediated control of fruit and seed set
=====================================================================================

The analyses above allow a possible regulatory network to be formulated about how sucrose metabolism and signaling regulate fruit and seed set under abiotic stresses (Figure [1](#F1){ref-type="fig"}). Under optimal conditions, sucrose import and its degradation by INV or Sus produce adequate hexoses for development of fruit and seed (or other sink organs). Glucose signaling can facilitate cell division directly or through promoting the response of growth-related hormones (auxin, GA, and cytokinin) and inhibiting senescence-related hormone pathways, hence allowing fruit and seed set (Figure [1A](#F1){ref-type="fig"}). At the same time, T6P and TORs signaling networks can promote plant growth through up-regulating the expression of anabolism-related genes, whereas SnRKs and bZIP signaling networks with growth inhibitory effects are restrained under optimal conditions. On the other hand, glucose could enter the oxidative pentose phosphate pathway to provide carbon skeletons and energy for biosynthesis of Hsps and non-enzymic antioxidants, thereby preventing oxidative stress and fruit and seed abortion. However, the reverse applies under stress conditions (Figure [1B](#F1){ref-type="fig"}) where a decreased glucose level could lead to hormonal imbalance, excessive ROS and insufficient Hsps, which may arrest cell division and trigger PCD. Furthermore, sugar limitation inhibits activities of T6P and TOR signaling, but induces activities of SnRKs and bZIPs signaling which can also inhibit cell proliferation through suppressing expression of biosynthetic genes. Together, these biochemical and molecular features could lead to seed and fruit abortion or stunted growth under stress conditions (Figure [1B](#F1){ref-type="fig"}).

Conclusion and perspectives
===========================

A large body of evidence indicates that sugar metabolism and signaling play important regulatory roles in fruit and seed set and their subsequent development. It is clear that more direct molecular evidence is required to dissect the causal and consequential relationship between changes in sugar metabolism and other biochemical processes and associated phenotype. For instance, although it is well known that glucose metabolism affects hormone levels, it remains to be determined whether the impact is exerted through modulating hormonal sensing and signaling or metabolism and how different hormones coordinate to regulate fruit and seed set under stresses. Second, experimental evidence is still lacking as to whether, and to what extent, biosynthesis of Hsps and maintenance of ROS homeostasis are dependent on sugar metabolism and signaling. Third, previous studies mostly focused on the down-regulation of sugar metabolism, which often has multiple detrimental effects on phenotype and consequently masks the key changes in reproductive development (Boyer and McLaughlin, [@B16]; Zanor et al., [@B139]). Little is known about what will happen to fruit and seed development under abiotic stress if key sugar metabolic enzymes, INV and Sus, are up-regulated. Fourth, mounting evidence shows that T6P, TOR, SnRK, and bZIP signaling networks play central roles in plant development through integrating sugar availability and developmental programmes to optimize plant performance. However, no sensor has been identified in perception of sugar status in these networks and the molecular functions and the regulatory mechanisms of them are still largely obscure. Thus, more work needs to be dedicated to this field. Finally, the global analysis of stress responsive regulatory pathways by using new techniques such as RNAseq will help us to understand the signaling cascades by which sugar metabolism and signaling regulate fruit and seed response to heat and drought.
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